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Abstract

We have developed antibody-based microarray techniques for the multiplexed detection of cholera toxin b-subunit, diphtheria
toxin, anthrax lethal factor and protective antigen, Staphylococcus aureus enterotoxin B, and tetanus toxin C fragment in spiked
samples. Two detection schemes were investigated: (i) a direct assay in which fluorescently labeled toxins were captured directly
by the antibody array and (ii) a competition assay that employed unlabeled toxins as reporters for the quantification of native toxin
in solution. In the direct assay, fluorescence measured at each array element is correlated with labeled toxin concentration to yield
baseline binding information (Langmuir isotherms and affinity constants). Extending from the direct assay, the competition assay
yields information on the presence, identity, and concentration of toxins. A significant advantage of the competition assay over
reported profiling assays is the minimal sample preparation required prior to analysis because the competition assay obviates the
need to fluorescently label native proteins in the sample of interest. Sigmoidal calibration curves and detection limits were estab-
lished for both assay formats. Although the sensitivity of the direct assay is superior to that of the competition assay, detection limits
for unmodified toxins in the competition assay are comparable to values reported previously for sandwich-format immunoassays of
antibodies arrayed on planar substrates. As a demonstration of the potential of the competition assay for unlabeled toxin detection,
we conclude with a straightforward multiplexed assay for the differentiation and identification of both native S. aureus enterotoxin B
and tetanus toxin C fragment in spiked dilute serum samples.
� 2005 Elsevier Inc. All rights reserved.
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Considerable effort is currently directed toward gen-
erating robust devices for toxin and pathogen detection.
Arrays of both proteins and nucleic acids are increas-
ingly finding use in this area [1]. Microarrays have fea-
tures attractive in a detection platform: portability,
low rate of false positives, little time for analysis, inex-
pensive components, and flexibility with regard to ana-
lytes that can be studied [2,3]. Microarray-based
detectors have the potential for facile application in clin-
ical and field-ready diagnostic devices.

Protein microarrays are a novel technology for
quickly detecting and identifying proteins in solution.
Related to nucleic acid microarrays, protein microarrays
employ surface-immobilized proteins as specific capture
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reagents for solution-phase proteins [4,5]. Arrayed anti-
bodies are one type of capture reagent employed in the
construction of protein microarrays [6]. With antibody
or protein microarrays, the ability to use spatial infor-
mation to identify a unique protein captured from solu-
tion depends on the specificity and location of the
immobilized capture antibody. Unless the captured anti-
gen is covalently labeled with a fluorophore, most
immunochemical techniques employ a second, fluores-
cently labeled antibody that sandwiches the surface-cap-
tured antigen in a highly specific fashion. Owing to their
high specificity and affinity, antibody microarrays have
become common in clinical diagnostics research where
serum (or another bodily fluid) is screened for biomark-
ers indicative of disease [7,8].

Historically, nucleic acids-based microarrays have
been employed successfully both for identifying
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pathogens based on genetic signatures and for under-
standing the biological response of an organism after
exposure to chemical toxins and mutagens [9,10]. Ligler
and co-workers [11–16] have successfully employed ar-
rayed antibodies in a microfluidic format for the fluores-
cent identification of microorganisms and toxins using a
sandwich immunoassay, and ganglioside and G protein-
coupled receptor arrays have been constructed for the
detection of cholera, tetanus toxin, and botulinum toxin.
Enzyme-linked immunosorbent assays (ELISAs)1 for
detecting Staphylococcus aureus enterotoxin B (SEB) in
cheese, and a recent approach that integrates the orthog-
onal techniques of nucleic and protein microarrays for
differentiating viruses in infection, represent some of
the reported benchmarks [17,18]. Non-microarray tech-
niques, such as Biacore surface plasmon resonance, cap-
illary electrophoresis-based immunoshift assays, and
advanced imaging techniques, all have been brought to
focus on the issue of developing general platforms for
the detection of pathogens and toxins [19–22]. Although
there are a variety of non-fluorescence techniques for
imaging microarrays, the novelty of the approach or
the special expertise required appears to have marginal-
ized these non-fluorescence-based approaches from the
mainstream [23–26].

We are ultimately interested in antibody microarrays
for the detection of illness-causing proteins, referred to
here as toxins [27]. In this article, we report on the con-
struction and implementation of a six-element monoclo-
nal antibody microarray for the detection and
identification of toxins. Six unique, fluorescently labeled
toxins interacting with arrayed antibodies were exam-
ined to determine the strength of the antibody–toxin
interaction in both buffer and bovine serum diluted 50-
fold. Dilute bovine serum spiked with toxin was chosen
as a complex biological mixture and, hence, as an indi-
cator of potential interactions between the arrayed anti-
bodies or spiked toxin and irrelevant biomolecules
found in the serum. In addition, because the added toxin
is the only labeled protein in solution, spiking in the tox-
in allowed us to analyze the binary antigen–antibody
interaction in the absence of potentially confounding
cross-reactivity from nonspecific, labeled biomolecules,
as would be the case in whole serum-labeling experi-
ments. Both dissociation constants and limits of detec-
tion (LODs) for the antibody microarray are reported.
The cross-reactivity between labeled toxins and the six
immobilized antibodies was also examined to ensure
1 Abbreviations used: ELISA, enzyme-linked immunosorbent assay;
SEB, Staphylococcus aureus enterotoxin B; LOD, limit of detection;
IC50, 50% inhibition constant; TTC, tetanus toxin C fragment; CT,
cholera toxin; DT, diphtheria toxin; LF, lethal factor; PA, protective
antigen; PBS, phosphate-buffered saline; BSA, bovine serum albumin;
PBST, 0.1% (w/v) Tween 20 in phosphate-buffered saline.
that multiplexed assays would not suffer from nonspe-
cific interactions.

We also report on experiments directed toward the
ultimate goal of detecting and identifying unlabeled tox-
ins at low concentration. To this end, a competition as-
say was designed for the detection and characterization
of unlabeled toxins in solution. Competition assays have
been reported previously for the detection of toxins
using immobilized gangliosides and G protein-coupled
receptors, whereas others have used a competition assay
for serum-profiling experiments [14–16,28]. In the data
reported here, the 50% inhibition constants (IC50) for
the competition between fluorescently labeled reporter
toxin and unlabeled toxin are characterized for all six
analytes in buffer and diluted bovine serum. Both the
calculated inhibition constants (Ki) for the binding of
the unlabeled toxin to the immobilized antibodies and
the calculated LODs using this competition assay for
native toxin detection are reported. Finally, as a demon-
stration of the technique, a multiplexed competition as-
say that allows the detection and identification of both
native SEB and tetanus toxin C fragment (TTC) is
presented.
Materials and methods

Antibodies and analytes

TTC was obtained from Roche Applied Science
(Indianapolis, IN, USA). SEB, rhodamine-labeled b-
subunit of cholera toxin (CT), and diphtheria toxin
(DT) were purchased from ListLabs (Campbell, CA,
USA). Bacillus anthracis lethal factor (LF) and
protective antigen (PA) were purchased from EMD
Biosciences (San Diego, CA, USA). Molecular
weights of the toxins were calculated from data avail-
able on PubMed (www.pubmed.net), and the values
we employed were 13,956 g/mol for CT b-subunit,
51,970 g/mol for DT, 93,780 g/mol for LF, 76,030 g/
mol for PA, 71,768 g/mol for TTC, and 34,090 g/
mol for SEB. Unless otherwise stated, all monoclonal
antibodies were obtained from Biødesign Interna-
tional (Saco, ME, USA). Monoclonal a-TTC was ob-
tained from Roche Applied Science. a-LF and a-PA
were obtained from Advanced Immunochemicals
(Long Beach, CA, USA).

Unless otherwise stated, all other reagents were from
Sigma–Aldrich (St. Louis, MO, USA). Briefly, antigens
were labeled with Alexa Fluor 532 as per the manufac-
turer�s protocol (Molecular Probes, Eugene, OR,
USA). Unincorporated fluorophore was removed using
Bio-Rad (Hercules, CA, USA) Bio-gel P-6 spin columns
as per the manufacturer�s instructions. The fluorophore-
to-protein ratio was determined by absorption spectros-
copy as per the manufacturer�s instructions, and for all
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proteins this ratio was between 3 and 7 mol fluorophore
per mole protein.

Safety consideration

All work was performed at the Chemical and Radia-
tion Detection Laboratory, a biosafety level 2 facility, at
Sandia National Laboratories (Livermore, CA, USA).
Strict safety and security precautions were exercised in
the storage and handling of toxin samples. Safety proce-
dures, as indicated in the appropriate Material Safety
Data Sheet forms, should be adhered to at all times. A
20% bleach solution was used to disinfect all equipment,
benchtops, and instruments. The disinfectant treatment
was followed by a water rinse. Solutions containing tox-
ins, as well as contaminated disposables, were treated
with a 20% bleach solution prior to disposal.

Array instrumentation and fabrication

The arrayer used for spotting was constructed in-
house from an instrument design based on that of DeRi-
si et al. [29], and the instrument employs components
from Parker Automation Daedal Division (Irwin, PA,
USA). Software interface with the arrayer is through a
Galil controller card controlled using CamSoft CNC
software (Wildeomar, CA, USA). Split pins for spotting
were purchased from Majer Precision Engineering
(Tempe, AZ, USA).

All antibodies were spotted at 70% relative humidity
onto epoxide-functionalized slides (Telechem Interna-
tional, Sunnyvale, CA, USA) at a concentration of
1 mg/ml in a 3:7 glycerol:phosphate-buffered saline
(PBS) solution. To ensure mechanical printing precision,
one pin was used repetitively, with agitated washing when
necessary, to spot all antibodies examined [30,31]. All
antibodies were spotted in nine replicates per concentra-
tion of antigen examined. Spotted solutions on slides were
incubated for 3 h at 70% relative humidity. Prior to the as-
say, slides were blocked for 1 h with 5% bovine serum
albumin (BSA) dissolved in PBST (0.1% (w/v) Tween 20
in PBS) and then rinsed with DI water. A 16-chamber
polymer tray was affixed to the slide surface to divide
slides into 16 separate wells (Grace Bio-Labs, Bend,
OR,USA) spaced 9 mmcenter to center, thereby allowing
us to achieve greater economy per experiment. Antigen
dissolved in PBST supplemented with 1 mg/ml BSA was
aliquoted into each chamber (50 ll each) and allowed to
equilibrate for 1 h. In cases where the interaction was
determined in bovine serum, serumwas diluted 50-fold di-
rectly into PBST supplemented with 1 mg/ml BSA. Incu-
bation times longer than 1 h produced no marked
difference in the observed interaction (data not shown).
After removing the antigen solution, slides were washed
with PBST three times, rinsed in distilled water, and dried
under a stream of N2 gas.
Microarray imaging and data analysis

Slides were imaged on an Axon Instruments (Union
City, CA, USA) slide scanner employing a 532-nm diode
laser. Typical laser settings were 100% power, and typi-
cal photomultiplier tube (PMT) gain settings were be-
tween 700 and 1000. All image quantification was
performed using GenePix software provided with the
scanner. Functions internal to the software determine
and correct for background fluorescence signal by sub-
tracting the local median background fluorescence from
the average fluorescence intensity at each array element.
The background corrected and averaged fluorescence
signals, referred to here and throughout the article as
apparent occupancy (happ), were normalized and plotted
against the concentration ([C]0) of added protein. Nor-
malized occupancy data ([C]0, happ) were fit to the equa-
tion hfit = Ka[C]0/(1 + Ka[C]0) for a Langmuir binding
isotherm [32]. A least-squares fit was used to determine
the association constant, Ka. All fits had correlation
coefficients P0.97.

Using the fit of the data to the Langmuir equation, a
stringent metric of 3 standard deviations (3r) above the
baseline signal (where hfit = 0) in the direct assay or 3r
below the maximum signal (where hfit = 1) in the com-
petition assay was used to calculate LODs [6–8]. The
concentration where hfit = 0 + 3r or hfit = 1 � 3r can
be solved by rearranging the Langmuir equation to
[C]0 = hfitKd/(1 � hfit) for the direct assay or to
[C]0 = hfit IC50/(1 � hfit) for the competitive assay.

In the competition assay, where unlabeled toxin com-
petes with labeled toxin for binding to the immobilized
antibodies, inhibition constants were calculated from
50% inhibition constant values by the equation
Ki = IC50/(1 + [reporter]/Kd), where [reporter] refers to
the fixed concentration of fluorescent toxin and Kd is
the dissociation constant determined from the direct as-
say [33]. The level of agreement between Kd (measured
in the direct immunoassay) and Ki (measured in the
competition immunoassay) indicates the effect, if any,
that fluorescently labeling the antigen has on the anti-
gen–antibody recognition event.
Results and discussion

Direct assay for detection of toxins

The affinity of antibodies spotted onto epoxide sur-
face-functionalized glass slides for fluorescently labeled
antigen was evaluated in both buffer and diluted bovine
serum solutions. Fig. 1A shows the format for the direct
assay, with representative data exhibited in Fig. 1B.
Immobilized antibodies were spotted in segregated ar-
rays that were divided into 16 groups on one slide using
a multiwell polymer divider to isolate each group. Each



Fig. 1. (A) Direct assay format. Immobilized monoclonal antibodies
are exposed to a concentration gradient of fluorescently labeled toxin
in both buffer and diluted bovine serum. (B) Representative images for
the direct detection of fluorescently labeled SEB (SEB*) over a
concentration range of 10 lg/ml–100 pg/ml detected in both PBST
containing 1 mg/ml BSA or bovine serum diluted 50-fold into PBST
containing 1 mg/ml BSA. The white scale bar at the lower right
represents 300 lm. Concentrations of applied, fluorescently labeled
SEB for both arrays are indicated below the image.
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group was individually exposed to antigen solutions of
different concentrations. To generate the images shown
in Fig. 1B, 10 lg/ml–100 pg/ml of fluorescently labeled
SEB dissolved in either PBST or diluted serum was incu-
bated with the immobilized antibodies. In all cases, con-
centrations of applied toxin were chosen such that
saturation of immobilized antibodies at high concentra-
tions and undersaturation of immobilized antibodies at
low concentrations of applied toxin were observed.

A microarray of six immobilized antibodies against
the six toxins was examined in buffer and diluted serum
to characterize potential cross-reactivity for the interac-
tion between the sextuplet of antibodies and most of the
individual labeled antigens. For each applied toxin,
cross-reactivity analysis consisted of quantifying and
averaging the signals at each unique row of immobilized
antibodies and expressing that averaged signal �n,
divided by the sum of the averaged signals deter-
mined at each of the six individual antibody rows
ðf�n=½

P
�ni=6�g; i ¼ 1–6Þ, as a measure of specificity

(Supplementary Fig. 1). Maximum signal was consis-
tently observed for the specific interaction between anti-
body and cognate antigen, with low signal being
observed for the five expected nonspecific interactions.
Often the cross-reactivity between the immobilized anti-
bodies and the applied toxin was so low that no mean-
ingful signal was detected. An exception to the overall
low cross-reactivity of our antibody panel was the ob-
served interaction between LF* and PA* (where the
asterisk indicates that the antigen is fluorescently
labeled) with a-SEB and a-CT. These minimally non-
specific interactions individually account for only
approximately 10% of the total summed signal, and
the nonspecific interactions may be an artifact of the di-
rect labeling procedure [34].

The data collected for all six direct assays, in both
buffer and diluted bovine serum, were normalized and
plotted as the apparent occupancy (happ) of the immobi-
lized antibodies against the applied concentration of
fluorescent antigen, as shown in Fig. 2. Minimizing the
difference between happ and hfit to the Langmuir binding
isotherm (hfit = Ka[C]0/(1 + Ka[C]0)) yields an associa-
tion constant at an applied toxin concentration [C]0
where hfit = 0.5. The dissociation constants ðKd ¼
K�1

a Þ for the antigen–antibody interaction in both dilute
bovine serum and buffer are presented in Table 1, and
these values are acceptable for antigen–antibody binding
events [35]. Furthermore, it can be seen from the ratio of
dissociation constants ðKserum

d =Kbuffer
d Þ that there is little

effect from the complex biological matrix on the perfor-
mance of the antibody microarray. It is noteworthy that
within the population of toxins reported herein, there is
a maximum observed discrepancy of 5 for the ratio
Kserum

d =Kbuffer
d determined for the interaction of both

LF* and CT* with the immobilized antibodies under
the two different buffered conditions. Nonspecific inter-
actions between analytes and matrix components in
complex solutions have been reported previously to
cause deviations in apparent analyte concentrations,
suggesting that the variation reported here may result
from a similar phenomenon [11].

To evaluate the sensitivity of the antibody microarray
for the direct detection of fluorescently labeled antigen,
LODs (ranging from a low of 14 ng/ml for the detection
of three analytes to a high of 704 ng/ml for the detection
of LF* in dilute bovine serum) were calculated as 3r
over the minimum occupancy in the fit of the data to
the Langmuir equation and are reported in Table 1. Be-
cause we determine the LOD from the standard devia-
tion for the fit of our data, the calculated LODs (from
the rearranged Langmuir equation [C]0 =hfitKd/1 � hfit)
are a convolution of both the noise in the fit and the ac-
tual performance of our detector in both buffer and di-
lute bovine serum. Previously reported LODs for
toxins immunochemically detected range from 1.6 ng/
ml for CT using a two-antibody sandwich assay to
1000 ng/ml for CT using a ganglioside–antibody sand-
wich, and the values reported in Table 1 are within this
range [11,14]. Importantly, because our experiments in



Fig. 2. Normalized data for six fluroescently labeled toxins directly detected in both buffer and diluted bovine serum. Experimentally determined
apparent occupancy data (happ) were plotted on a linear-log scale against the concentration of fluorescent toxin (M) and were fit to the Langmuir
binding isotherm, hfit = Ka [C]0/(1 + Ka [C]0), by minimizing the difference between happ and hfit. h is the immobilized antibody occupancy, Ka is the
association constant (units of M�1), and [C]0 is the concentration of added protein. All 12 fits had correlation coefficients P0.97.

Table 1
Dissociation constants ± standard deviations determined for the direct binding assay between fluorescently labeled toxin and immobilized antibodies
in both PBST + 1 mg/ml BSA and bovine serum diluted 50-fold into PBST + 1 mg/ml BSA

Toxin Kd PBST (M · 109) LOD (ng/ml) Kd serum (M · 109) LOD (ng/ml) Kserum
d =KPBST

d

CT* 4.0 ± 0.3 13.9 20.0 ± 4.9 52 5.0
DT* 1.3 ± 0.2 52 2.4 ± 0.15 29 2.0
LF* 7.7 ± 0.6 169 38.0 ± 2.5 704 5.0
PA* 6.7 ± 1.0 414 12.0 ± 0.06 14 1.9
SEB* 1.1 ± 0.1 14 1.5 ± 0.3 77 1.4
TTC* 0.15 ± 0.03 19.6 0.15 ± 0.04 56 1.0
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diluted bovine serum are intended only to provide char-
acterization of the specific interaction between labeled
toxin in solution and immobilized antibody challenged
to select the labeled toxin from a complex mixture of
biomolecules, we cannot yet comment on the perfor-
mance of our assay if whole, toxin-contaminated serum
samples were labeled with an amine-reactive fluoro-
phore, as is common in many serum-profiling experi-
ments [34].

Competitive assay for detection of native toxins

There are potential drawbacks associated with di-
rectly modifying antigens with fluorophore, as is often
done in serum profiling, not the least of these being
intersampling labeling variation, potentially compro-
mised specificity and/or affinity, and the inability to de-
tect native toxins [34]. To move away from these
potential issues, a competition assay was investigated
as a basis for toxin detection (Fig. 3A). In the competi-
tion assay, three components are involved: the immobi-
lized antibody, the fluorescent toxin (reporter), and the
unlabeled toxin of interest. A mixture of the fluores-
cently labeled reporter, held at a constant concentration,
and a concentration gradient of identical, but unlabeled,
toxin are applied to the microarray. Because of the com-
petition between the labeled toxin and the unlabeled
analyte to be detected, the concentration of reporter



Fig. 3. (A) Competition assay format. A fixed concentration of
reporter toxin competes to bind immobilized antibody as the concen-
tration of unlabeled toxin is increased. (B) Representative image for
the competition of 19 nM fluorescent DT (reporter) against an added
concentration gradient of unlabeled DT ranging from 350 pg/ml to
10 lg/ml. The interaction was examined in both PBST supplemented
with 1 mg/ml BSA and bovine serum diluted 50-fold into PBST with
1 mg/ml BSA. Applied concentrations of unlabeled toxin competitor
are indicated below the image.
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toxin must be as low as possible without compromising
signal quality. We chose reporter concentrations that
were minimally greater than the LOD determined in
the direct assay (Tables 1 and 2). Experimentally, max-
imum fluorescent signal is observed when the concentra-
tion of unlabeled protein (titrant) is zero (Fig. 3B, with
DT used as an example), and the fluorescence signal de-
Table 2
Inhibition constants ± standard deviations (IC50), calculated inhibition cons

Toxin IC50 PBST (M · 109) LOD (ng/ml) Ki PBST (M · 109) IC5

(M

CT 91 ± 0.6 26 4.7 175
DT 62 ± 1.0 306 4.0 12
LF 13 ± 1.9 1030 7.9 100
PA 19 ± 3.0 1300 14.6 32
SEB 7.1 ± 1.5 412 4.6 5.6
TTC 0.3 ± 0.04 16.8 0.19 0.83
creases sigmoidally, in this example, toward the mini-
mum signal, hfit � 0, as the concentration of unlabeled
toxin is increased from 350 pg/ml to 10 lg/ml.

The competition assay was performed with all six
antigens in both buffer and dilute bovine serum with re-
porter concentrations nominally greater than the LOD
determined in the direct assay (Tables 1 and 2). As with
the direct assay, the data were normalized to generate
happ values that were plotted against the total concentra-
tion of unlabeled protein in solution (Fig. 4). The raw
data were fit to the Langmuir equation. In this competi-
tion assay, the inflection point of the plot (where
hfit = 0.5) relates to the 50% inhibition constant, that
is, the point at which only 50% of the fluorescent repor-
ter is bound by the surface-immobilized antibodies in
the presence of unlabeled inhibitor. The IC50 value is
dependent on the concentration of fluorescent reporter,
but with the previously determined Kd values (Table 1),
one can readily calculate the concentration of reporter-
independent inhibition constant using the equation
Ki = IC50/(1 + [reporter]/Kd) [33]. The dissociation con-
stants in Table 1 and the inhibition constants in Table 2
agree well within an order of magnitude, with a maxi-
mum disagreement of a factor of 4.2 noted for the inter-
action of SEB in buffer. The close agreement between
the dissociation constants measured in the direct assay
and the inhibition constants calculated from the compe-
tition assay implies that covalent modification of the
toxin with the fluorophore does not significantly alter
the toxin�s structure or interfere with the binding be-
tween the immobilized antibodies and the labeled anti-
gen in solution.

The competition assay also yields LODs, but unlike
in the direct assay where the LOD was defined as the
statistically significant signal above the baseline (where
hfit approaches 0), an LOD calculated from a competi-
tion assay relates to a reduction of hfit by 3r from unity
as the concentration of unlabeled competing toxin is
increased. The LODs reported in Table 2 for the com-
petition assay are again well within the range of values
encountered in the literature for the detection of native
toxins by the sandwich assay. Nevertheless, for some
cases (e.g., LF in dilute serum, PA in buffer), the LODs
are quite high. These apparently high LODs result
from two convolved effects: the actual concentration-
tants (Ki) and LODs for the detection of unlabeled toxin

0 serum
· 109)

LOD (ng/ml) Ki serum (M · 109) [reporter] (M · 109)

± 20.0 1200 38.0 72
± 0.15 23.6 1.3 19
± 14.0 5300 88.4 5
± 1.3 332 27.4 2
± 0.4 52 4.0 0.59
± 0.1 40.9 0.5 0.097



Fig. 4. Normalized competition data for six toxins in both buffer and diluted bovine serum. Experimentally determined apparent occupancy data
(happ) were plotted on a linear-log scale against the concentration of unlabeled toxin (M) and were fit to the Langmuir binding isotherm,
hfit ¼ IC�1

50 ½C�0=ð1þ IC�1
50 ½C�0Þ, by minimizing the difference between happ and hfit. h is the immobilized antibody occupancy, IC50 is the 50%

inhibition constant (units of M), and [C]0 is the concentration of added protein. All 12 fits had correlation coefficients P0.97.

268 Antibody microarrays for native toxin detection / V.C. Rucker et al. / Anal. Biochem. 339 (2005) 262–270
dependent competition between the unlabeled and la-
beled toxins for binding to the arrayed antibodies
(the higher the reporter concentration, the higher the
apparent LOD) and the higher r in the fits of these
data. For the poorest LODs calculated (e.g., PA in
buffer), the data never become fully asymptotic to the
concentration axis, even at the highest concentration
of applied competitor (35 lg/ml) where hfit � 0. This
leads to uncertainty in the determination of the lower
bound of the isotherm; hence, there is a higher stan-
dard deviation for the interpolation of the IC50 be-
tween the bounds 1 P hfit P 0.

Model application: Detection of native SEB and TTC

In most clinical and forensic situations involving un-
knowns, there is a list of likely toxins or proteins that
will be encountered [27]. Laboratory-based ELISA and
‘‘dipstick’’ immunoassays have long been tailored
around this fact, and antibody microarrays constructed
for unlabeled toxin detection would also be tailored for
the detection of a population of suspect, commonly
encountered agents. To use the competition assay out-
lined here in such a format (Fig. 5A), two arrays would
need to be compared: a control array to which only the
reporter is applied and a test array to which the un-
known sample, spiked with a concentration of reporter
equal to that added to the control, is applied. By simple
comparison of the control and the test array, a reduction
in signal would be noted at an antibody element when
an unlabeled target toxin is present in solution (panel
on left in Fig. 5A). As an illustration of this approach,
we constructed a two-plex antibody microarray for the
detection of native SEB and native TTC in diluted bo-
vine serum (Fig. 5B). The signal observed at the SEB ele-
ment in the presence of 29 nM unlabeled SEB (measured
fluorescence signal of 1272 ± 1322) is approximately
10% of the original signal (12,623 ± 170) observed for
the control in the absence of competitor, and the signal
observed at the TTC element in the presence of 1.9 nM
TTC (1354 ± 150) is approximately 17% of the signal
observed for the control in the absence of competitor
(7843 ± 594). In both cases, at the concentrations of re-
porter and unknown used, 90% reduction in intensity
for the SEB signal and 83% reduction in intensity for
the TTC signal are expected from analysis of the
isotherms presented previously in Fig. 4. These results
demonstrate the potential of this technique for both



Fig. 5. (A) Format for binary antibody microarray to determine the
presence or absence of a toxin. Two arrays are necessary for
comparison: a control array of labeled toxins (right) to determine
the fluorescence intensity in the absence of unlabeled competitor and
an array (left) to which is added the unknown solution spiked with
reporter toxin (indicated by star) at the same concentration as applied
to the control. (B) SEB signal from 0.59 nM SEB reporter is reduced
approximately 90% in the presence of 29 nM native SEB (left). The
TTC signal from 0.1 nM TTC is reduced approximately 83% in the
presence of 1.9 nM unlabeled TTC (bottom left). In both cases, these
reductions are expected from the inhibition curves presented in Fig. 4.
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identifying and providing concentration data about
unlabeled toxins in biologically relevant sample
solutions.
Conclusions

We have reported on two different antibody-based
microarray assays for the detection of CT b-subunit,
DT, anthrax LF and PA, SEB, and TTC both in buffer
and, as a test for detector performance in solutions of
complex composition, in diluted bovine serum. To our
knowledge, this is the first platform for detecting these
toxins using antibody microarrays contact printed onto
epoxide-functionalized glass slides. The format chosen
for our assay employs fluorescently modified toxins as
both a model case for the detection of fluorescently la-
beled toxins in solution and also as reporters in a com-
petition assay designed to detect unlabeled toxins in a
complex sample. The competition assay, involving both
labeled and unlabeled toxins, allows the detection of
toxins in their native state in both buffer and diluted ser-
um. The microarray format also provides thermody-
namic characterization of the arrayed antibody–toxin
interactions. Dissociation constants for the direct assay
and IC50 values for the competition assay were extracted
from fitting data generated using the antibody micro-
array to the Langmuir equation. The LODs for the com-
petition assay to detect unlabeled toxin are, overall,
comparable to those achievable using the sandwich
immunoassay, but for some toxins our threshold sensi-
tivity is marginally poorer than would be expected from
a sandwich assay. There are two primary ways in which
to improve the sensitivity of the competition assay: (i)
decreasing the standard deviation in the fit of the data
to the Langmuir equation by generating isotherms that
become fully asymptotic to the concentration axis at
high and low concentrations of added competitor and
(ii) decreasing the concentration of added reporter such
that appreciable reduction in reporter signal occurs at a
lower concentration of native toxin. In a final examina-
tion of our approach, we designed a multiplexed assay
for the discrimination and detection of both native
SEB and TTC and demonstrated that this binary assay
provides a facile quantitative route to analyzing solu-
tions for the presence or absence of toxins. The choice
of toxins examined spans both clinical and forensic
interests, further underscoring the general applicability
of protein microarrays for detecting and identifying
toxins.
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